Most Cambodians lack access to a safe source of drinking water. Piped distribution systems are typically limited to major urban centers in Cambodia, and the remaining population relies on a variety of surface, rain, and groundwater sources. This study examines the household water supplies available to Phnom Penh's resettled peri-urban residents through a case-study approach of two communities. A quantitative microbial risk assessment is performed to assess the level of diarrheal disease risk faced by community members due to microbial contamination of drinking water. Risk levels found in this study exceed those associated with households consuming piped water. Filtered and boiled rain and tank water stored in a kettle, bucket/cooler, bucket with spigot or a 500 mL bottle were found to provide risk levels within one order-of-magnitude to the piped water available in Phnom Penh. Two primary concerns identified are the negation of the risk reductions gained by boiling due to prevailing poor storage practices and the use of highly contaminated source water.
INTRODUCTION
For the inhabitants of the developing world, access to safe drinking water can be a daily struggle. In particular, waterrelated health problems persist as a result of microbiological contamination of water sources (WHO ). As a result, drinking-water is ' … still a major contributor to the community burden of enteric disease because available water sources are faecally contaminated and untreated, inadequately treated, or have become contaminated during collection, handling, storage and use' (Havelaar & Melse ) . This description applies to Cambodia, where an estimated 38% of the population lacks access to improved drinking water sources (UNICEF/WHO ); the challenges include the elevated risk of diarrheal disease due to drinking water consumption for residents in the peri-urban areas of Phnom Penh.
Risk assessment and management has become an increasingly important tool to assess water safety (WHO Latin hypercube analysis to water quality results from two resettled peri-urban communities in Cambodia, to better understand disease potential arising from various drinking water sources and storage conditions.
MATERIALS AND METHODS

Study site selection
Two peri-urban communities were selected for assessment.
The criteria used in site selection of the communities were as follows:
• had no access to piped water, • had access to several possible water sources, and • were resettled from central Phnom Penh.
For simplicity, these two communities will be referred to as Veal Sbov (VS) and Prey Sala (PS), respectively, although these names refer to the communes where the communities are located, rather than the specific communities themselves.
The residents of VS and PS have access to several possible water sources. The water sources available represent a downgrade in quality and access, compared to the piped water they used prior to resettlement. Summaries of the drinking water sources available in both communities are presented in Tables 1 and 2 .
Household recruitment
Household eligibility criteria for participation in this research included:
• households who stored drinking water at the household level,
• households who stated that they did not mix drinking water types within a given storage vessel, and
• the head of household and/or primary caregiver agreed to voluntarily participate.
The study participants included 46 households: 20 from VS and 26 from PS. Not all households were available on a weekly basis, and two households dropped out prior to the end of the study. Unimproved • A lake is present adjacent to the site
• Frequently site of garbage and waste disposal
• Not commonly used for drinking water
Bottled water Unimproved • 20 L bottles of treated water sold in the community
• Origin of water is not known 
Data collection and analysis
The study consisted of 11 weeks of sampling conducted over a 12-week period. Study participants were asked to provide drinking water samples, treating the sample bottle as if it was a household drinking cup. Therefore, the sample collected was the source of drinking water that would be consumed at that time in the household, whether it was boiled, filtered, or untreated. Water samples of 250 mL in volume were collected from each household at the time of each visit and used to test for Escherichia coli and total coliform (TC) concentrations.
The samples were kept in an ice-filled cooler until delivery to the laboratory, where they were refrigerated and analyzed within 24 hours.
E. coli was selected as the indicator bacteria for use in this study, as per the recommendations of the WHO (). E. coli and TC were enumerated using the membrane filtration method (Standard Method-9222B). Differential
Coliform Agar with chromogenic agent BCIG (OXOID Culture Media) was used. For quality assurance, at least two dilutions were plated in duplicate for each sample. Samples were incubated for 22 to 24 hours at 37 W C, at which point they were enumerated for TC (pink/red colonies) and E.
coli (blue-purple colonies).
Model development
QMRA is the application of the principles of risk assessment to estimate the potential effects of an exposure to infectious microorganisms (Haas et al. ) . The WHO () describes QMRA as: ' … a rapidly evolving field that systematically combines available information on exposure and dose-response to produce estimates of the disease burden associated with exposure to pathogens'. There is a precedent for the application of ratios of E.
coli to rotavirus concentrations in surface water (Mehnert & Stewien ; Lopez-Pila & Szewzyk ). However, this approach was not adopted since it is not known how applicable the available ratio is to surface waters in Phnom Penh.
Exposure assessment
Exposure assessment requires the estimation of the number of pathogenic microbes to which an individual is exposed; in this case, the only pathway considered was ingestion. Water quality and water consumption rate data were used to estimate exposure.
Figure 1 | Relationship between E. coli and ETEC (created using data from Begum et al. 2005 Begum et al. , 2007 Alam et al. 2006; Ram et al. 2007 Ram et al. , 2008 Ram et al. , 2009 from data collected in India and Bangladesh).
Water quality data
Household water quality
Microbial water quality was reported as colony forming units (CFU) of generic E. coli per 100 mL (CFU/100 mL). Generic E. coli data for the different water sources were fit to lognormal distributions using maximum likelihood. Data below the detection limit (<1 CFU/100 mL) were censored in the analyses (as adopted by Haas & Eisenburg ). The data were fit using EasyFit 5.0 software, and the Kolmogorov-Smirnov statistic was used to determine goodness of fit to the lognormal distribution. The mean and standard deviations of these distributions were used to generate lognormal probability distributions to describe the concentrations of generic E. coli in the various water supplies when the supply was positive for generic E. coli. One key assumption was that all samples that contained E. coli below the detection limited (censored values) were assumed to be 'negative' for generic E. coli.
Using the % of positive samples, a prevalence rate (PR) term was developed for each water source and applied when calculating the annual probability of infection. The PR represents the likelihood that a sample is positive with generic E. coli.
T-test and ANOVA analyses were used to determine how to categorize and aggregate household water quality data as there were many different types of water sources/storage systems. Water samples stored in a kettle did not have statistical differences based on source water type (p < 0.05).
Therefore, all boiled samples stored in a kettle were considered together, while samples stored in different vessels were considered as separate by source water type. A summary of the household water quality results for E. coli is presented in Table 3 .
Piped water quality
The Phnom Penh Water Supply Authority (PPWSA) operates three water treatment plants, all of which are equipped with conventional treatment processes consisting of flocculation with alum, sedimentation, filtration, and chlorine disinfection. A free chlorine level of 0.1 mg/L is maintained Too few data to fit a lognormal distribution; lognormal distribution assumed and mean and log standard deviation reported here.
throughout the endpoints of the supply network (Chea 2010,
Personal communication). Surface water is the water source
for all three water treatment plants.
Daily monitoring of 38 water quality parameters is performed at the water quality laboratories located at each water treatment plant. A water quality report was provided by the PPWSA; the estimate of influent (raw water) E. coli concentrations used in this study was based on the results provided by the PPWSA. The PPWSA uses total and fecal coliforms as indicator organisms as summarized in Table 4 . A ratio E. coli to fecal coliforms of 0.77 was applied to the influent TC data provided by the PPWSA to estimate the E. coli concentration in raw river water (after Rasmussen & Zeigler ).
Results from the PPWSA indicated no detected total or fecal coliforms in the treated water. An estimated treatment efficiency for conventional water treatment with chlorine disinfection of 10 5 (Howard et al. ) was used in the QMRA to estimate effluent water quality. Piped water was used as a 'best case' scenario, or reference level of risk, as this represented the households' previous water quality situation prior to relocation to the peri-urban communities. The piped water data set was limited to minimum, maximum, and average concentration data; therefore, for this water type, a point estimate of the mean was assigned as the concentration input of generic E. coli into the model.
Water consumption rate
The WHO () recommends an average consumption rate 
Dose-response
Well-dispersed pathogens in water are generally considered to be Poisson-distributed (WHO ). Given the variation in pathogen-host survival probability due to diversity in human response and/or pathogen competence, the beta distribution may be used to define the probability of an organism causing an infection (Haas et al. ) . The resulting combination of these two distributions is the Beta Poisson distribution, as per Equation (1), presented in Haas et al. ():
where, P I (d) is the probability of infection, d is the mean dose of viable microorganisms, and α and β represent parameters of the microorganisms-host interaction.
The dose-response relationship may be simplified for low exposures by assuming linearity, as the probability of infection resulting from exposure to a single organism (WHO ). However, due to the relatively high exposures considered in this analysis, the Beta Poisson model was utilized.
Limited dose-response data for ETEC is available in the literature. The best available option is considered to be using the dose-response parameters for E. coli O157:H7 to represent ETEC (Hunter et al. ) . Beta Poisson doseresponse parameters for E. coli O157:H7 of α ¼ 0.22 and β ¼ 8,700 (Powell ) were used in this assessment.
Risk characterization
Disease burden calculation
The calculation of the disease burden in DALYs requires two key pieces of information (Havelaar & Melse ): health consequence expected to result from infection using Equation (2):
DALY values are calculated for each negative health consequence expected to result from infection, and summed together, to determine the maximum disease burden.
Disease burden calculation for ETEC
The severity of response estimate for the watery diarrhea Table 5 .
Using point estimates of the averages of the values presented in Table 5 , an estimated maximum disease burden of 0.601 is calculated. Therefore, diarrheal disease caused by ETEC infection can be expected to result in the loss of 0.601 years of healthy life. This value represents the 'maximum disease burden' used in the risk analysis calculation.
In subsequent analyses, statistical distributions are used to describe the input parameters of the maximum disease burden calculation.
Risk calculations
It is possible to perform QMRA analyses using point estimates of input parameters by combining a point estimate of exposure (typically an estimate of the average or an extreme dose) with a point estimate of dose-response This approach may be useful in some developing world contexts, where there may not be access to the software packages typically used to handle statistical distributions.
However, to capture the uncertainty and variability associated with the data that are incorporated into a QMRA analysis, the use of statistical distributions of input parameters is preferred. This approach, combining a characterization of the full distribution of exposure and dose-response relationships using ×10,000 iterations using Latin hypercube to provide a distribution of the risk, is employed here. @Risk Version 5.7 (Palisade Corporation) was used to perform the Latin Hypercube analyses. The procedure used for calculating disease burden is described in Table 6 .
Model inputs
A summary of the model inputs used in this analysis is presented in Table 6 .
RESULTS AND DISCUSSION
A summary of disease burdens corresponding to different drinking water sources assuming use of a single water type for the entire year is presented in Table 7 ( Figure 2 ). Since water use is typically seasonal in Cambodia, these estimates of annual risk are considered only for comparison across water types. Scenarios which better represent the seasonal differences in water use are described later (Table 8, Figure 3 ). The results of the QMRA analyses for the various scenarios are compared to piped water usage and the 'best', 'worst', and 'typical' water source combinations are identified.
The QMRA analysis revealed that the use of filtered water or boiled water stored in a kettle 100% of the year represented the 'best' case scenario, while 100% use of untreated shallow well water represented the 'worst' case scenario for residents in the resettled communities studied.
Four 'typical' water use scenarios were identified. The results showed that these annual water usage combinations provided some risk reduction over exclusive use of surface water ('worst case'); however, these 'typical' scenarios did not reach the lower levels of risk associated with the exclusive use of filtered water or boiled water ('best case') ( Figure 3 ).
Estimation of disease burden by water source
Piped water
A 5-log removal rate for E. coli was applied to the influent water quality data to estimate the treated water quality in the piped distribution system. The average piped water risk level 2.9 × 10 À3 is three orders-of-magnitude greater than the WHO recommended risk level. It should be noted that the possible impact of interrupted service as pointed out by Hunter et al. () was not addressed; however, due to recent improvements to Phnom Penh's water treatment and distribution system (Chan ), this issue is not considered significant.
Untreated water supplies
Untreated rain, bottled, and tank water were found to have very similar levels of associated risk, even when examining the spread in the data. Since the use of these three water types carries similar levels of risk, households should prioritize increasing rainwater storage, which may be a more cost-effective option than bottled and tank water. However, it is not known how the rainwater quality may degrade with time. Degradation of rainwater quality is likely to correspond strongly to management practices; therefore, the risk associated with using untreated rainwater may increase over time (Schets et al. ) . Untreated shallow well water has the highest level of risk of all the untreated water sources. The 75th quartile of untreated shallow well water exceeded the 75th quartile for all other water types. The mean risk associated with the consumption of shallow well water was 100 times greater than the risk associated with piped water consumption. 
Boiled rain/tank water
The mean risk associated with the consumption of boiled rain/tank water stored in a 20 L bottle was the greatest for all water sources. A possible explanation for the increased risk for water stored in 20 L bottles is that these types of bottles are typically reused repeatedly by the households, and cleaning practices are likely to vary greatly between households. Contamination of boiled water when subsequently stored in 20 L bottles could potentially be a concern.
No treated water sources provided water of a mean level of risk within the same order-of-magnitude as piped water.
Boiled water stored in a kettle, and boiled rain or tank water stored in a bucket/cooler, or bucket with a spigot were within one order-of-magnitude risk of piped water. It was expected that water drawn directly from kettles would have the lowest risk, as kettles are sterilized during boiling and the opportunity for contamination is decreased by not transferring the water to another vessel. However, it is not always practical to retain boiled water in kettles due to the low volume that may be stored. As a risk management strategy, it may be wise to prioritize the use of water stored in kettles and give it to higher risk individuals, such as young children, although some participants indicated that their young children do not like to drink warm water, and therefore will choose to drink cooler, untreated water, over recently boiled, warm water. In these cases, water stored in a bucket or cooler with spigot appears to be a good option, with an increase in mean risk of approximately 45% greater than that for water stored in kettles.
Boiled shallow well water
Boiled shallow well water stored in a bucket or cooler had a higher mean risk than boiled rain/tank water stored in a bucket/cooler with or without a spigot. However, boiled shallow well water stored in a bucket or cooler had a lower risk than rain/tank water stored in a small bottle or 20 L bottle. This result suggests that assuming effective boiling is being practiced, the resulting contamination, and risk associated with these water sources could be due to container maintenance/handling practices. Small plastic bottles and 20 L bottles tend to be reused frequently and are difficult to clean due to their small mouths. Table 8 .
Worst case scenario
Year round use of shallow well water is not common, given the widespread prevalence of rainwater harvesting for VS and PS; however, rainwater harvesting can be cost-prohibitive for some families. When comparing use of shallow well water year round (Scenario 8) with the seasonal use of untreated rainwater during half the year (Scenario 7 -typical scenario), the annual risk is decreased by nearly 25%. Consequently, the use of untreated shallow well water during the dry season has a large impact on the annual risk of illness.
Typical scenarios
Scenario 5 reflects a typical scenario of mixed storage use encountered in the field. With the use of boiled rain water during the rainy season (stored in a kettle 40% of the time;
bucket 60% of the time), and boiled shallow well water in the dry season (stored in a kettle 20% of the time; bucket 80% of the time), the level of risk is nearly 2.5 times greater than could be expected if a kettle was used as storage at all times.
In the typical scenarios, boiling water shows some reduction of risk no matter what source water is involved.
For example, when comparing Scenario 5 (all water is boiled, but boiled shallow well water is also used) with Scenario 4 (50% of water is left unboiled but only higher quality rain and tanker water are used), Scenario 5 gives a lower level of risk (11%) than Scenario 4.
Best case scenarios
The best case scenarios are based on 100% usage of piped water (Scenario 1), boiled water stored in a kettle (Scenario 2), or filtered water (Scenario 3). While boiled water stored in a kettle may provide a reasonable alternative to piped water supplies in terms of risk level, few households achieve these levels of risk over the long term due to inconsistent practices. While one household in this study dispensed water using a kettle every sampling week, most only did so sporadically. Using filtered water 100% of the time did not provide a mean risk that was better than some of the 'typical' water usage scenarios, implying that the filters were not that effective or they were not being used and main- 
STUDY LIMITATIONS
When interpreting the results of this study, one must consider the study limitations. In this study, the authors were restricted to indicator organisms as the measure of microbial water quality; therefore, ratios of E. coli to pathogen(s), in this case ETEC, had to be assumed using data from the literature. There is definite uncertainty around this ratio;
consequently, magnitudes of risk must be interpreted with caution. Nevertheless, for comparative purposes, since the same ratio was applied to all water types (including piped water), the magnitudes of risk difference between water sources and water scenarios would remain unchanged if this ratio were altered. These results are therefore still meaningful to compare risks between different water scenarios and consequently can be used to inform decision-making.
Another limitation is that given the case study nature of the present study, the sample sizes and collection period for each water type were relatively small. It is believed that the results are representative of the two communities in which the samples were taken (internally valid). Lognormal probability distributions were assigned to the concentration inputs into the QMRA to represent the variability in water quality by water type. It is anticipated that accounting for this variability may represent the variability of water quality seen between peri-urban communities.
CONCLUSIONS
QMRA is a useful tool to compare risks associated with alternative water supply scenarios. In this paper, QMRA was used to examine the differing risks between 'best' and 'worst' case scenario water sources as well as 'typical'
water source combinations used by peri-urban residents of Phnom Penh. Using QMRA in this way allows one to examine the risk due to existing water consumption practices and to compare the risk to possible intervention strategies.
QMRA can be used to inform and better target interventions and be used as an advocacy tool with policy-makers to illustrate the increased health risk to households when resettled in a community without a piped water supply.
Upon moving, the majority of VS and PS residents experienced a drop in water quality and, therefore, a greater increase in predicted diarrheal disease risk. Boiling and storing water in a kettle was able to provide water of lower risk (only one order-of-magnitude higher than that of piped water), although at a higher cost and level of inconvenience.
Most households do not maintain their boiled water supplies in ways to minimize risk; as a result, even households who do boil their water typically face risks of diarrheal disease from ETEC infection of one to two orders-of-magnitude higher than could be expected from piped water supplies.
Key findings from this study include
• Untreated rain, bottled, and tank water had similar levels of associated risk.
• Untreated shallow well water had the highest level of associated risk among untreated water sources.
• Boiled rain and tank water stored in a kettle, bucket/ cooler, bucket with spigot were found to carry risk levels within one order-of-magnitude of the piped water available in Phnom Penh.
• Water stored in a 20 L bottle or small 500 mL bottle carried the highest level of risk, possibly due to poor cleaning practices between uses.
• Boiled shallow well water stored in a bucket or cooler had the largest spread of expected values of the boiled water samples, likely due to post-boiling handling practices.
• Boiled water stored in a kettle may provide water within one order-of-magnitude of risk of piped water supplies, but few households consistently use these methods.
• Using boiled rain water during the rainy season and boiled shallow well water in the dry season under a specific 'typical' storage scenario (mixed use of buckets and kettles for storage) results in a risk level nearly 2.5 times greater than could be expected if a kettle was used as storage at all times.
• The use of any untreated shallow well water greatly increases the annual risk level faced by a household.
The methodology presented to evaluate risk in water supplies and the relative risk expected when water sources and treatment methods are mixed over the course of the year are applicable to a broad range of scenarios.
More work is needed to improve access to high quality drinking water by the resettled residents of peri-urban Phnom Penh. There are opportunities to improve the present situation for resettled communities until piped water system access is extended to serve them. It is important that awareness is raised about problems with post-treatment and storage contamination of water. The use of untreated water from highly contaminated water sources can be expected to have a huge impact on overall risk levels and must be avoided. Consequently, interventions in the area of source water protection may help lower contamination levels of drinking water sources, such as hygienic handling and storage practices, the use of latrines, and containing livestock to defined areas away from water sources, and should be implemented.
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